of MMP enzymatic activity and loss of collagen crosslinking can be observed (7) . MMPs are a family of proteolytic enzymes capable of degrading a wide variety of the ECM (for review, see ref. 8) . Fibrillar collagens are specifically degraded by interstitial collagenase, MMP-1, present in the heart in its enzymatically active form (9) (10) (11) . Alterations in the balance of matrix synthesis and degradation through changes in protease activity and expression are postulated to be crucial to the process of ventricular remodeling and in the pathophysiology of chronic heart failure (12) . Pharmacologic inhibition of MMP activity has been shown to attenuate the process of ventricular remodeling seen after experimental myocardial infarction in the mouse (13) and in the rapid cardiac pacing pig model of congestive heart failure (14) . However, there is no direct evidence demonstrating that degradation of the ECM through increased activity of MMPs leads to the development of heart failure.
The alteration in the balance between synthesis and degradation of the ECM can be generated through the use of the transgenic mouse system. By specifically targeting expression of interstitial collagenase (MMP-1) to cardiac muscle, the change in cardiac remodeling over time can be examined. The present study provides the first demonstration to our knowledge that alterations in the balance of synthesis and degradation of interstitial collagen through the activity of collagenase and the disruption of the myocardial ECM lead to cardiac dysfunction.
Methods
Generation of α-MHC-collagenase. The construct clone 20 containing the α-MHC promoter fragment was digested with Sal1, filled in with Klenow (15) and then digested with Not1. The 5.5-kb Not1/blunt end fragment was isolated (15) . A Sma1/Sal1 9.3-kb genomic MMP-1 gene fragment was then ligated to the promoter at a Sma1 site that had been artificially introduced into the MMP-1 gene through in vitro mutagenesis (16) and immediately precedes the translational initiation site. The resulting plasmid, pJ1360, was confirmed by restriction enzyme analysis. In addition, the α-MHC-MMP-1 gene junction consisting of 356 bp of the 3′ end of the α-MHC and 222 bp of the 5′ end of the MMP-1 gene was sequenced. The translation start site and the reading frame of the MMP-1 gene were found to be intact, and Kozak's rules for translational efficiency were maintained (17) . Transcription initiation occurs within the α-MHC promoter.
DNA fragment preparation and microinjection. To remove prokaryotic sequences that sometimes inhibit transgene expression (18) , the 15.0-kb transgene was isolated from pJ1360 by Not1/Sal1 enzymatic digestion (12 bp and 17 bp of prokaryotic sequence remained, respectively), purified by CsCl centrifugation, and microinjected into fertilized mouse eggs (F1[C57BL/6 × CBA/J] × F1 [C57BL/6 × CBA/J]) (19) .
Southern blot analysis of DNA. Approximately 3 weeks after birth, DNA from the tails of pups was prepared and Southern blot analysis was performed (19) .
Briefly, 2 cm of clipped tail tip was digested overnight with 350 µg proteinase K in a buffered solution (50 mM Tris-HCl [pH 8 .0], 100 mM EDTA, and 0.5% SDS) at 60°C. Protein and cellular debris were removed by serial phenol/sevag extractions. DNA was precipitated from the supernatant with 250 mM NaOAc (pH 6.0) and ethanol at room temperature. A total of 10 µg of DNA was cleaved with Hind III, separated on a 0.6% agarose gel, and transferred to 0.45 µm nitrocellulose (Trans-blot Transfer Membrane; Bio-Rad Life Science Research Group, Hercules, California, USA) (20) . Blots were prehybridized with 50% formamide, 5× SSC (1× SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 10× Denhardt's solution, 0.1 mg/ml sonicated denatured salmon sperm DNA. 0.2% SDS, 0.05 M sodium phosphate buffer (pH 6.8), and 1 mM EDTA for 2 hours at 42°C. Hybridization was performed for 16 hours at 42°C in 50% formamide, 5× SSC, 1× Denhardt's solution, 0.02 M sodium phosphate buffer (pH 6.8), 0.1 mg/ml sonicated denatured salmon sperm DNA, 1 mM EDTA, 0.2% SDS, and 10% dextran sulfate with 5.0 × 10 8 cpm of a nick translated 32 P-labeled probe (15) specific for the α-MHC-collagenase construct. Filters were washed at 65°C with 2× SSC containing 0.5% SDS for 3 hours followed by a wash in 0.2× SSC and 0.5% SDS for 40 minutes before exposure to x-ray film at -70°C.
Northern blot analysis of mRNA. Total RNA was prepared from mouse tissue using the guanidine thiocyanate-cesium chloride method (21) . Total RNA (10 µg) was resolved by electrophoresis on a 1.2% agarose gel containing 0.2% formaldehyde and blotted to nylon membranes (Hybond-N; Amersham Pharmacia Biotech, Buckinghamshire, United Kingdom). These membranes were hybridized with the respective probes. The transgene was used as a probe for MMP-1, the mouse cDNA probe for MMP-9 was a kind gift of Y. Okada (Keio University, Tokyo, Japan), and the probes for MMP-13 and MMP-3 were obtained by PCR amplification of mouse macrophages. The 5′ and 3′ primers used were 5′-CTCGAGCATGCTTCCTGATGATGACGTT-3′ and 5′-CTCGAGCCCCACCCCATACATCTGAAA-3′, respectively, for MMP-13 and 5′-GAATTCTGGGCTATAC-GAGGGCACGA-3′ and 5′-GAATTCGCACTTC CTTTCA-CAAAGACTC-3′, respectively for MMP-3. The resulting PCR products were subcloned into a pGEM-T Easy vector (Promega Corp., Madison, Wisconsin, USA) and inserts confirmed by sequencing. The cDNA probes corresponding to MMP-3 (432 bp) and MMP-13 (943 bp) were excised by digestion with EcoR1 and Not1, respectively. The membranes were prehybridized with 50% formamide, 5× SSC, 10× Denhardt's solution, 0.1 mg/ml sonicated denatured salmon sperm DNA, 0.2% SDS, 0.05 M phosphate buffer (pH 6.8), and 0.001 M EDTA for 3 hours at 42°C. Hybridization was performed for 16 hours at 42°C in 50% formamide, 5× SSC, 1× Denhardt's solution, 0.02 M phosphate buffer (pH 6.8), 10% dextran sulfate, 0.1 mg/ml sonicated denatured salmon sperm DNA, 0.001 M EDTA, and 0.2% SDS with 1 × 10 8 cpm of nick translated 32 Plabeled probe specific for the target RNA. Membranes were washed at 65°C with 2× SSC containing 0.5% SDS for 1 hour before exposure to x-ray film at -70°C. Membranes were rehybridized with a complementary radiolabeled 24-mer oligonucleotide to mouse 28S rRNA (AAC GAT GAG AGT AGT GGT ATT TCA) to ensure that equal amounts of RNA were loaded into each lane (22) .
In-situ hybridization for MMP-1 expression. Cardiac tissue of both a wild-type mouse and a transgenic littermate was fixed in 4% paraformaldehyde and embedded in paraffin. Histological sections were probed with a sense and antisense MMP-1 probe. Linearized MMP-1 cDNAs were labeled with digoxigenin by in vitro transcription with T7 and T3 polymerase by using a DIG RNA Labeling Kit (Roche Molecular Biochemicals, Indianapolis, Indiana, USA). After hybridization, specimens were treated with AP-conjugated antidigoxigenin polyclonal IgG. The bound antibody was detected by adding NBT/BCIP as substrate.
Western blot analysis. The hearts from transgenic and control mice were denuded of pericardium, and the lower two-thirds portion of the ventricles was excised. For each sample, tissue was placed directly into 1 ml of nonreducing PAGE sample buffer (2% SDS, 20% glycerol, 0.2 M Tris), homogenized, sonicated briefly, and then centrifuged at 2,400 g for 20 minutes. A 200-µl portion of the supernatant was added to 15 µl of 1 M DTT, boiled for 15 minutes, and then normalized with Bio-Rad Protein assay as per instructions (BioRad Life Science Research Group). Equal amounts of protein were resolved by SDS-PAGE on a 10% gel and transferred to a nitrocellulose membrane (Micron Separations Inc., Westborough, Massachusetts, USA). The membrane was blocked with 5%(wt/vol) dry milk in PBT (0.1% [wt/vol] Tween in PBS) at room temperature for 4 hours, then probed with polyclonal antibody against MMP-1 at a 1:1,000 dilution for 1 hour at room temperature. The membrane was subjected to three 5-minute washes with PBT and then probed with Protein A conjugated Horseradish Peroxidase (Roche Molecular Biochemicals) at 1:20,000 dilution in PBT + 1% BSA for 1 hour at room temperature. The membrane was washed once again three times with PBT for 5 minutes each wash. Proteins were then visualized with ECL per manufacturer's instructions (Pierce Chemical Co., Rockford, Illinois, USA).
Collagenase ELISA and activity analysis. ELISA assays were performed on protein homogenate of cardiac tissue from both wild-type and littermate transgenic mice. Animals were sacrificed, and the heart was removed and homogenized in TNC buffer (50 mM Tris-HCl [pH 7.5], 0.15 M NaCl, 10 mM CaCl2, 0.05% Brij 35, and 0.02% NaN3) using a polytron homogenizer. The homogenate was centrifuged to sediment any particulate matter. The samples were concentrated using Amicon Centricon-30 columns (Millipore Corp., Bedford, Massachusetts, USA) to an approximate volume of 1-3 ml. The total protein concentration was determined using the standard BCA method (Pierce Chemical Co.). Total heart protein (20 µg) was used in an MMP-1 ELISA assay to determine the levels of MMP-1 protein using the Biotrak Human MMP-1 ELISA system (Amersham Life Sciences Inc., Arlington Heights, Illinois, USA). The assay was performed according to the manufacturer's protocol. This assay is a "sandwich" format in which polyclonal and monoclonal MMP-1 antibodies are used with a horseradish peroxidase detection method. The lower limit of detection for the assay is 1 ng/ml.
Two lines (WH 1 and WH 11) were examined for the presence of MMP-1 activity in the heart. Protein homogenate was prepared as already described here. The MMP-1 assays were performed on the supernatant after the addition of 10 mM CaCl 2 . Because MMP-1 is secreted in a zymogen form, the supernatant was treated with 1.5 mM 4-aminophenylmecuric acetate for 5 hours at 37°C to activate the enzyme. The assay was performed as follows. Rat tail type I collagen (Collaborative Biomedical Products, Becton Dickinson, Bedford, Massachusetts, USA) was labeled using [ 14 C] acetic anhydride (23) and then dialyzed against 0.1 M Tris-HCL (pH 7.5), 0.15 M NaCl, and 0.2% NaN 3 . The collagen gel assay was performed using 10 µl of each sample (20 µg) incubated at 27°C with 5 µl of the rat tail type I collagen (3 µg/µl) in a total volume of 20 µl in a buffer of TNC. The digestion products were analyzed by SDS-PAGE (9% total acrylamide). MMP-1 is extremely specific for fibrillar collagen and cleaves native type I collagen at residue numbers 775-776 of the α(I) chain to generate three-quarterand one-quarter-size fragments (24) that are easily recognizable on polyacrylamide gel analysis.
L-Hydroxyproline assay. L-Hydroxyproline concentration in the hearts of the transgenic and wild-type mice was determined using a modified Woessner protocol (25, 26) . The heart tissue was lyophilized for 12 hours,
Figure 1
Cardiac-specific expression of MMP-1 transgene. Northern blot analysis was performed using 10 µg total RNA isolated from the indicated tissues of transgenic lines WH 6, 11, 1, and 15 and probed with the transgene. The lower panel shows the same membrane probed with ribosomal 28S oligonucleotide to ensure that equal amounts of RNA were loaded in each lane. and the left ventricle was isolated by shaving away the great vessels, the right ventricle, and both atria. The left ventricle was then minced, weighed, and hydrolyzed with 4 ml 6N HCl at 125°C at 200 PSI in an autoclave for 3 hours. One milliliter of the hydrolysate was evaporated and reconstituted with 1 ml distilled H 2 O and then re-evaporated. Reconstitution was then done with 5 ml of distilled H 2 O. Hydroxyproline standard solutions of 0, 1, 2, 4, 6, 8, and 10 mg/ml were made. Sample solution (2 ml) was taken and oxidized with 1 ml of Chloramine-T (Sigma, St. Louis, Missouri, USA) solution for 20 minutes. The Chloramine-T was then destroyed with 1 ml of 3.15 M perchloric acid. After 5 minutes, 1 ml of p-dimethylaminobenzaldehyde solution was added. The sample was vortexed, incubated in a 60°C bath, and then cooled under tap water for 5 minutes. The absorbency of the solutions was determined at 557 mm. The hydroxyproline concentration was determined directly from the standard curve.
Histological analysis. Hearts were arrested in diastole with PBS/20 mM KCl solution and pressure fixed at 20 mmHg with 4% paraformaldehyde or 10% neutral buffered formalin. Paraffin-embedded tissues were sectioned (8-µm thick) and stained with hematoxylin and eosin for light microscopy. Paraffin sections were also stained with picrosirius red and analyzed with a polarized light microscope to evaluate the distribution of myocardial collagen (27) . Using an electron microscope, transgenic and wild-type littermates were anesthetized, and hearts at 3 and 6 months were pressure fixed in diastole with PBS/20 mM KCl solution. The hearts were perfused with 2.5% glutaraldehyde until the heart turned white. The hearts were minced and then placed in 2.5% glutaraldehyde for 24 hours, rinsed with PBS, and postfixed in 1% osmium solution. Sections from the left ventricular free wall were prepared for viewing with a transmission electron microscope.
Hemodynamic analysis. In vivo intraventricular hemodynamic analysis was performed on transgenic and wildtype littermate mice at the 6-and 12-month time points. A total of 33 mice (6 months: ten wild-type and seven transgenic; 12-months: nine wild-type and seven transgenic) were anesthetized with 2.5% Avertin 0.015 ml/g body weight (19) . A midline incision in the neck exposed the trachea, and the mouse was intubated intratracheally with a 22-gauge angiocatheter (Becton Dickinson) which was secured with a 3-0 silk suture (USSC). The mouse was mechanically ventilated with 0.5 cc ambient
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The air tidal volume at 110 breaths per minute with a small animal respirator/ventilator (Columbus Instruments, Columbus, Ohio, USA). A median sternotomy was performed, and the heart was exposed. Digitized intraventricular hemodynamic measurements were obtained via a left ventricle apical puncture with a 26-gauge fluidfilled angiocatheter (Becton Dickinson) attached to a high-fidelity pressure transducer that was connected to an eight-channel chart recorder set at 1,000 Hz (MacLab 8s; ADInstruments, Mountain View, California, USA). The data were stored on a computer for subsequent analysis (PowerMac 5300C; Apple Computer Inc., Cupertino, California, USA).
Results
Generation of transgenic mice. The α-MHC promoter has been shown previously to target gene expression within transgenic mice specifically to the myocyte in the heart (28). The α-MHC-collagenase (MMP-1) transgene was generated through removal of all sequences 5′ to the translation initiation codon of the full-length human interstitial collagenase gene (16) and placed under the control of the human α-MHC promoter fragment to dictate cardiac-specific expression of the transgene. Sixteen live mice were born of which four carried the transgene. All founder transgenic mice transmitted the transgene as a single integration, and lines were established. The tissue specificity of transgene expression was investigated in hemizygous transgenic mice from the four lines harboring the α-MHC-collagenase transgene. RNA was isolated (21) and analyzed by Northern blot analysis (29) . Specific expression of collagenase was observed only in the hearts from all four transgenic mouse lines (Figure 1 ). As expected, human collagenase MMP-1 was not expressed in the hearts of wild-type mice (data not shown).
Cardiac myocyte-specific expression of interstitial collagenase by the transgene was demonstrated by in situ hybridization (Figure 2 ). Using a probe specific for human MMP-1, staining was seen in the cardiac myocytes of the transgenic hearts when hybridized with the antisense probe (Figure 2d ). Staining was not seen when using the sense probe or in the wild-type heart with the antisense probe (Figure 2, a-c) .
Once the transgene was shown to be transcriptionally active, the presence of MMP-1 protein was documented by ELISA assays performed on cardiac tissue homogenate from both wild-type and littermate transgenic mice. The total protein in the transgenic heart determined to be interstitial collagenase MMP-1 ranged from 30 ng/mg (line WH 11) to 300 ng/mg (line WH 1). The control littermates did not have any detectable MMP-1 collagenase. Collagenase activity was detected in the tissue homogenate from the transgenic hearts and not in the homogenate of hearts from the wild-type mice (Figure 3a) . To determine the presence of active MMP-1, Western blot analysis was performed revealing the presence of inactive and active MMP-1 in the transgenic mouse heart (Figure 3b) . The expression of the MMP-1 transgene did not appear to affect the endogenous expression of three MMPs known to be expressed in the heart, MMP-3, -9, and -13 (data not shown). In addition, gelatin zymography on heart protein extracts did not demonstrate any significant difference in protease activity between the transgenic and wild-type hearts (data not shown).
Phenotypic and histologic analysis of cardiac-collagenase mice. The transgenic mice appeared normal at birth until weaning when compared with their wild-type littermates. However, the transgenic mice had a 20% increased mortality rate over 6 months when compared with their wild-type littermates. Grossly, the lungs and liver appeared normal with no pathological changes suggestive of pulmonary or hepatic congestion. At the six-month time point, the heart wet weight/body weight from the transgenic mice was increased (0.593 µg/g ± 0.006) when compared with age-matched control littermates (0.445 µg/g ± 0.002; P < 0.001). However, there was no statistically significant difference observed at the 1-year time point.
In the transgenic heart, hematoxylin and eosin staining revealed increased left ventricular wall thickness with a decrease in chamber size compared with the wild-type heart at the 3-month time point ( Figure  4, a and b) . Transgenic hearts contained enlarged hyperchromatic myocyte nuclei with increased myofibrillar width consistent with cardiac hypertrophy ( Figure 4, c and d) . There was no evidence of inflammatory infiltrate or myonecrosis in the transgenic hearts analyzed up to the 12-month time point. Morphometric analysis demonstrated that the Figure 3 (a) Presence of MMP-1 protein in transgenic mouse hearts. Western blot analysis was performed on ventricular extracts from 3-month-old transgenic mice (+) and control littermates (-) as described in Methods, and normalized for protein content. Equal amounts of protein were resolved by SDS-PAGE and subject to immunoblotting with anti-MMP-1 polyclonal antibodies. Arrows indicate the active and pro forms of MMP-1. (b) Collagenase activity in the homogenate from the heart of transgenic and control mice. Type I collagen was incubated with homogenate from the heart of a transgenic mouse treated with APMA (TG+) and without APMA (TG-) and the homogenate from the heart of a control littermate treated with APMA (WT+) and without APMA (WT-). As a control, 100 ng of active MMP-1 was incubated with type I collagen (MMP-1). The characteristic collagenase (one-quarter) degradation fragment can be seen only in the APMA-treated homogenate from the transgenic heart (TG+) and the positive control (MMP-1).
myocyte cross-sectional area was increased in the transgenic mouse heart (199.6 ± 61.8 µm 2 ) when compared with wild-type hearts (144.1 ± 35.5 µm 2 ). The increase in the number of myocyte nuclei and the large irregular shaped myocyte nuclei in the transgenic heart (Figure 4d ) is a well-described characteristic feature of myocyte hypertrophy (30, 31) .
Ultrastructural analysis was performed on sections from transgenic and littermate wild-type mouse using transmission electron microscopy. Again, at the 6-month time point, transgenic hearts revealed widened myofibrils, thickened Z-bands with breakdown of normal Z-band registration, and myofibrillar disarray with disruption of sarcomeric architecture. Transgenic hearts contained numerous enlarged pleomorphic mitochondria distributed in a disorderly manner consistent with hypertrophy and reflective of the increased metabolic demands of this tissue ( Figure 5) .
Collagen in the transgenic heart. Picrosirius red staining was performed to evaluate the collagen content in the hearts of wild-type and littermate transgenic mice. Twelve-month-old transgenic hearts compared with littermate wild-type hearts revealed less birefringence staining under polarized light microscopic analysis consistent with decreased myocardial interstitial collagen in the transgenic mice (data not shown). Quantitative collagen analysis was performed using a hydroxyproline assay (25, 26) . Despite constitutive interstitial collagenase expression in the transgenic heart, hydroxyproline concentration was greater in the transgenic heart compared with the wild-type littermate at the 6-month time point (Table 1) . However, at the 12-month time point, the hydroxyproline concentration in the transgenic heart was significantly reduced compared with the 12-month-old wild-type heart and the transgenic heart at the 6-month time point (Table 1) . There was no significant difference in the wild-type hearts comparing 6-and 12-month time points.
To determine whether the increased collagen concentration was the result of increased type I and/or type III collagen transcription, a Northern blot analysis was performed using cDNA probes specific for collagens type I and III on RNA obtained from 1.5-and 6-month-and 1-year-old transgenic and wild-type mice. At the 1.5-month time point, type III collagen expression was increased in the cardiac collagenase transgenic mice twofold when compared with wild-type littermates. This difference was no longer apparent at 6 months of age, with a slight increase in transcription of collagen III seen at 1 year of age ( Figure 6 ). No differences in the expression of type I collagen were observed between transgenic and wild-type littermates at any of the time points examined (Figure 6 ).
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Table 1
Hydroxyproline concentration (mg/g heart, dry wt) in transgenic and wild-type littermate hearts at 6 and 12 months
Six months Twelve months
Wild-type A 4.13 ± 0.46 (n = 9) 4.34 ± 0.70 B (n = 8) Transgenic 4.98 ± 0.92 (n = 7) 3.17 ± 1.04 C (n = 7)
A P = 0.03 and P = 0.02 for wild-type versus transgenic at 6 and 12 months, respectively. B P = 0.46 versus 6 months. C P = 0.005 versus 6 months. Values shown are means ± SD. Statistical analysis was performed using an unpaired Student's t test.
Functional evaluation of cardiac-collagenase transgenic mice.
To examine the functional consequences of constitutive collagenase expression in the heart, we performed in vivo intraventricular hemodynamic analysis on transgenic and wild-type littermate mice at the 6-and 9-month time points. Although the heart rates of transgenic mice were lower than those of wild-type mice at the 6-month time point, the left ventricular pressures generated in the transgenic mice were significantly increased by 16.3 mmHg at the 6-month time point compared with age-matched wild-type mice (Table 2 ) (Figure 7a ). At the 12-month time point, however, the left ventricular pressure measured in the transgenic mice was 9.3 mmHg lower than in comparison age-matched wild-type mice, indicating a significant deterioration in contractile function. Consistent with the demonstration of severe temporal functional deterioration in the transgenic mice was the marked diminution in the rate of pressure development and relaxation observed in the transgenic mice comparing 6-and 12-month time points. The maximum first derivative of left ventricular pressure (dP/dT max) was reduced by 46.9%. The minimum first derivative of left ventricular pressure (dP/dT min) was reduced by 30.6% (Table 2 ) (Figure 7, b and c ). There were no significant temporal changes in contractile or relaxation function indices in the wild-type mice.
Discussion
This study demonstrates that destruction of the collagen network in the myocardium of transgenic mice produces an initial adaptive response with myocardial hypertrophy and deposition of collagen. Prolonged expression of cardiac MMP-1 subsequently leads to loss of interstitial collagen with significant deterioration of contractile function. This animal model accurately mimics the human condition in that an initial adaptive response is seen, followed by progressive loss of function. In addition, this transgenic animal model for the first time provides direct evidence that MMA and disruption of the equilibrium of ECM synthesis and degradation can play a critical role in the process of cardiac remodeling and the pathophysiology of heart failure.
Although numerous transgenic mouse models have generated cardiac pathology through targeted perturbation of the myocyte cytoskeleton, myocardial metabolism and regulation, and the overexpression of cytokines
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Figure 5
Representative transmission electron micrographs of wild-type and cardiac-collagenase transgenic mice. Ultrastructural analysis was performed on wild-type (a and c) and transgenic (b and d) hearts. The wild-type heart (a and c) shows an orderly row of myofibrils with neatly interposed mitochondria and sharp closely packed cristae. The transgenic heart (b and d) reveals changes consistent with pathological hypertrophy characterized by wider myofibrils, thicker Z-bands with breakdown of normal Z-band registration and myofibrillar disarray with disruption of the sarcomeric architecture. Note the numerous enlarged pleomorphic mitochondria distributed in a disorderly manner, all consistent with hypertrophy and reflective of the enormous metabolic demands of this tissue.
Figure 6
Upregulation of collagen type III but not collagen type I in cardiac-collagenase mice. Northern blot analysis was performed using 10 µg total RNA from heart tissue from transgenic (line WH 1) and wildtype littermate mice at 6-week, 6-month, and 12-month time points and probed with an xba I/Hind III fragment of the collagen type III cDNA (top). Increased collagen III message was detected in the transgenic mice compared with the wild-type littermates at the 6-week time point. No difference was noted by the 6-month or 12-month time point. The same membrane was probed with a Hind III fragment of the collagen type I cDNA (middle). No differences in type I collagen expression were observed between wild-type and transgenic mice at any time point. The lower panel shows the same membranes probed with ribosomal 28S oligonucleotide to ensure that equal amounts of RNA were loaded in each lane. WT, wild-type, TG, transgenic.
(32, 33), this is the only transgenic animal directly demonstrating the role of the ECM in determining cardiac performance. The present model is unique in that it reproduces many of the evolutionary changes seen in the development of pressure-overload hypertrophy through the critical transition to cardiac dysfunction. This animal provides new insight into the pathophysiology of ventricular remodeling and heart failure and establishes the significance of the balance of ECM synthesis and degradation in the progression to cardiac dysfunction. Multiple studies have now demonstrated that rodents do not possess the mouse homologue of the MMP-1 gene and MMP-13 is believed to provide the necessary collagenolytic activity in rodents (34) . The enzyme MMP-1 expressed in this transgenic animal is identical immunologically and functionally to the collagenase demonstrated to be elevated in the heart tissue of patients with ischemic and dilated cardiomyopathy (35) (36) (37) . In addition, other animal models of cardiac injury and dysfunction support the activity of MMP-1 in the remodeling process and its impact on function (38) (39) (40) (41) (42) . Therefore, this heart failure model is strengthened as a homologue of the human disease, as it examines the effect of MMP-1 on the effectively null rodent background and mouse fibrillar collagen is susceptible to degradation by the human enzyme (43) . The phenotype seen in these mice is not due to the upregulation of endogenous mouse MMP-3, -9, or -13, as expression levels in the transgenic hearts did not change for these proteases. It is possible that MMP-13 is solely responsible for normal matrix turnover and that MMP-1 is more important during the disease state. It is only through the generation of an MMP-13-overexpressing transgenic mouse that the differences in these two enzymes can be better defined.
The hearts from the cardiac-collagenase mice revealed myocardial hypertrophy at both the light and transmission electron microscope levels similar to changes seen in pressure-overload hypertrophy. However, myocyte hypertrophy was an unexpected finding in these mice, as increased collagenase expression would not have been expected to directly alter the myocyte. Myocardial hypertrophy is a well-known compensatory response of the left ventricle to excessive hemodynamic loads. Breakdown of the surrounding structural cardiac extracellular matrix in this transgenic mouse may produce added hemodynamic stress in the heart leading to the development of compensatory myocyte
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The Journal of Clinical Investigation | October 2000 | Volume 106 | Number 7 Wild-type (WT) and transgenic mice were compared at 6 and 12 months using an unpaired Student's t test. Values shown are means ± SEM. LV dP/dT max, maximum first derivative of left ventricular pressure; LV dP/dT min, minimum first derivative of LV pressure. Significant differences were values of P < 0.05. P = NS for wild-type 6 months versus 12 months. P = 0.04 and P = 0.046 for heart rate and for left ventricular system pressure maximum, respectively, for wild-type versus transgenic at 6 months. P = 0.0003, P = 0.005, and P = 0.01 for left ventricular system pressure maximum, LV dPdT max, and LV dP/dT min, respectively, in transgenic 6 months versus 12 months. P = 0.007 and P = 0.03 for LV dP/dT max and LV dP/dT min, respectively, in wild-type versus transgenic at 12 months. hypertrophy. Alternatively, disruption of the cardiac matrix may disrupt signaling between myocytes mimicking the hypertrophic state of the diseased heart. These cardiac MMP-1 transgenic mice undergo a dynamic change in their collagen concentration over time due to the constitutive expression of MMP-1. First, there is a reactive increase in the hydroxyproline concentration at the 6-month time point followed by a decrease in hydroxyproline when the initial reactive phase has subsided. The initial increased production of collagen is consistent with the increase in transcription of type III collagen seen in the transgenic mouse. The elevated collagen concentration in the transgenic heart may represent a reactive fibrosis in response to collagen degradation from cardiac MMP-1 expression, which is consistent with the experiments of Weber and colleagues (44) . Deposition of new collagen in response to upregulation of collagenolytic activity is an important part of the overall process of tissue remodeling (45) . An increase in type III collagen expression can be seen during other remodeling states (46, 47) (44, 47-51) including ischemic cardiomyopathy (52) . Stimulation of fibroblast collagen synthesis by exposure to collagen degradation products has also been demonstrated (53) . Therefore, the generation of collagen degradation fragments in the heart by MMP-1 in the cardiac-MMP-1 transgenic mice may actually stimulate the enhanced collagen synthesis seen at the 6-month time point.
Although dynamic differences in collagen content are present in the heart of these transgenic mice these alterations alone do not necessarily explain the changes seen in cardiovascular function. Disruption of cell-ECM attachments through the activity of MMP-1 and the development of myocyte hypertrophy may activate intracellular signaling cascades affecting cell cycle and ECM molecule synthesis. Proteolytic modification and activation of cell surface proteins and receptors is postulated to liberate growth factors, such as TGF-α initiating downstream signaling pathways known to stimulate collagen synthesis (54, 55) . Accordingly, the physical changes themselves induced by MMP-1 may play an important role in modulating ECM homeostasis. In addition, the phenotype seen in these mice may not be mediated through collagen degradation by MMP-1. It is possible that the disruption of a yet unidentified substrate of MMP-1 could generate the cardiac pathology seen in this transgenic animal. Although fibrillar collagen is clearly the major substrate of MMP-1 other proteins such as IL-1β have reportedly been targets of this enzyme (56) . In addition, transgenic mice that express MMP-1 in the epidermis of the skin exhibit a distinct phenotype despite the lack of fibrillar collagen in the epidermis suggesting an alternative substrate for this enzyme (57) .
Remarkably, functional hemodynamic evaluation of these animals correlated with the concentration of hydroxyproline in the heart. During the evolution of cardiac hypertrophy in response to hemodynamic stress, a several-fold increase in cardiac collagen content is seen in both animal models and humans (58) . In the absence of myocyte necrosis, early adaptive ventricular hypertrophy and remodeling is associated with increased systolic stress-strain relations indicative of enhanced systolic force-generating capacity and performance. These findings are consistent with those reported in rat (59, 60) , dog (61) , and primate (44, 61) hypertrophy animal models. As hypertrophy progresses into the established phase; however, further deposition of reparative and replacement fibrosis occurs with the development of increased systolic and diastolic stiffness and dysfunction (62) .
The results in this study are consistent with human studies that demonstrate the importance of the ECM and perturbation of the protease/antiprotease balance in the pathophysiology of cardiac dysfunction and congestive heart failure. Endomyocardial biopsies and explanted hearts from patients with idiopathic dilated cardiomyopathy reveal extensive changes in the collagenous framework of the heart (63). Although collagen content and concentration are increased in these hearts, reflecting significant reparative and replacement fibrosis, there is a remarkable decrease in the amount of stable mature pyridinoline cross-linking present. In addition, collagenolytic and gelatinolytic activity in these hearts is increased 30-fold (7). Other investigators have also reported similar findings in explanted heart samples from patients with idiopathic dilated cardiomyopathy and ischemic cardiomyopathy (35) (36) (37) .
Although the role of matrix homeostasis and MMP activity in the acute and chronic phases of remodeling in myocardial infarction and the response to pressureoverload is not fully understood, this transgenic mouse with a perturbation in a pathway critical to maintaining ECM homeostasis provides important insight into the progression of compensated cardiac hypertrophy to decompensated cardiomyopathy. The dynamic functional changes in these animals are similar to those seen in humans with heart disease. In contrast to the acute animal models of cardiac dysfunction, this model more accurately represents the chronic progressive nature of the human disease. This transgenic animal model will help identify new avenues targeting ECM metabolism in the prevention and treatment of ischemic and dilated cardiomyopathy and provide an organismal model in which the action and efficacy of potentially novel therapeutic interventions can be tested.
